The palladium-catalyzed anaerobic oxidation for N-heterocycle-containing alcohols has been developed with chloroarenes as oxidants. In this process, primary and secondary alcohols were selectively oxidized even in the presence of cyclic amines as well as heteroarenes, and primary, secondary, and tertiary amino groups were found to be well tolerated. Moreover, a gram-scale chemoselective oxidation was achieved in addition to a double oxidation of a diamino diol.
Introduction
Heterocycles are known as ubiquitous and important structures in bioactive agents, 1 and metal-catalyzed transformations for heterocycle-containing molecules have been energetically pursued. 2 This type of process has developmental challenges because high selectivity for a desired functional group to suppress side reactions is required in addition to sufficient catalytic performance to overcome detrimental effects from heterocycles. 3, 4 The oxidation of alcohols into carbonyl products is one of the most fundamental transformations, and a variety of selective oxidation methods for alcohols have been developed. 5 However, selective oxidation for N-heterocyclecontaining alcohols still remains immensely challenging, particularly in the presence of unprotected cyclic amino groups, 6 which often leads to poor yields in synthetic studies. 7 In 2014, a chemoselective aerobic oxidation for amino alcohols with an N-oxyl/copper catalyst was reported by Iwabuchi. 8, 9 While the efficient transformation with no protection for amino moieties was achieved, this process was ineffective for a basic class of structure such as 1,2-amino alcohols. This kind of oxidation method with molecular oxygen as an oxidant is highly attracttive in the light of synthetic utility. 10, 11 Unfortunately, careful safety analysis is necessary for conduct of this route, especially in large scale reactions, because mixtures of organic solvents and molecular oxygen can constitute flammability hazards. 9d,12 On the other hand, no general procedure for chemoselective anaerobic oxidation of N-heterocycle-containing alcohols has been reported. Aryl halides have been utilized as interesting oxidants with transition metal catalysts, which are converted to inert aromatic solvents through reductive dehalogenation. 13 In particular, chloroarenes are superior because of their advantages, such as lower cost, easy availability, and high stability. 14, 15 Although this type of oxidation method for alcohols with aryl chlorides has been developed, 16 its selectivity and tolerance in the presence of N-heterocycles has been scarcely addressed. 17 Herein, we report a palladium-catalyzed chemoselective anaerobic oxidation of N-heterocycle-containing alcohols with chloroarenes as oxidants.
Results and discussion
At the beginning, reaction conditions of alcohol oxidation were optimized in the presence of a palladium catalyst (1 mol%) with phenyl(pyridin-3-yl)methanol (1a) as a model substrate ( Table 1 ). The examination of C1 (Figure 1 ) was conducted due to its high efficiency for this kind of oxidation process, 16e but the chemical yield remained at the 30% level (entry 1). Then, Ether-imidazolium chlorides L1-3 were screened as ligand precursors, because we recently found that these N-heterocyclic carbene (NHC) precursors gave positive effects in the presence of heterocyclic substrates. 18 The NHC ligand precursor with a phenoxy moiety (L2) proved to be superior to that with a methoxy or isopropoxy group, and a methoxy moiety at the para-position led to a poorer result (entries [2] [3] [4] [5] . Although the catalyst in situ formed from Pd and L2 in a 1:1 molar ratio was less effective (entries 3 and 6), the 1:1 molar ratio complex of Pd/L2 (C2) provided a comparable yield to that in entry 3 Please do not adjust margins
Please do not adjust margins (entry 7). These results suggested that one NHC for Pd would be necessary for the formation of an effective catalyst, and the second one might contribute to the improvement of precatalyst stability. A less polar solvent had a tendency to afford a better yield, and toluene was more suitable (entries 3 and 8-9) . Aryl chlorides with a methyl group were tested, and the use of 2-chlorotoluene led to an enhanced result (entries 8 and 10-12) . A higher reaction temperature gave 99% yield even with decreasing the amount of 2-chlorotoluene and cesium carbonate (entries 12-14) . Subsequently, the catalytic oxidation of a piperidine-containing alcohol 3a was investigated. A higher reaction temperature and amount of cesium carbonate resulted in 82% and 91% yields, respectively (entries [15] [16] [17] . The oxidation with no ligand never proceeded (entry 18). Investigation of heteroarene-containing secondary alcohols in the palladium-catalyzed oxidation was conducted on the basis of optimized conditions (Scheme 1). Pyridylmethanol derivatives with an electron-donating group on a phenyl moiety showed high reactivity (2b-c), and also electron-withdrawing groups gave no serious influence on reaction efficiency (2d-e). As well as a trimethylsilyl group, alkene and alkyne moieties were tolerated in the reaction conditions (2f-h). In the presence of steric hindrance close to a reactive site, the desired products were successfully obtained with the modified conditions (2i-k). The catalytic oxidation of -alkylated pyridylmethanols, such as cyclohexyl(pyridin-3-yl)methanol and 1-(pyridin-3-yl)ethanol, proceeded efficiently (2l-m), and a thienyl alkanol was additionally found to be a comparably suitable substrate (2n). Subsequently, a series of diheteroarylmethanols were examined in this oxidation reaction. The use of pyridylmethanol derivatives bearing another pyridyl or quinolyl group led to high yields (2o-q), and an ortho-substituted substrate was also smoothly oxidized at a higher temperature (2r). This oxidation process sufficiently tolerated electron-rich heteroaryl groups, such as furan, thiophene, and indole (2s-u). In the case of a dithienylmethanol, no significant decrease in yield was observed, providing desired product 2v in 88% yield. Please do not adjust margins
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To examine the influence of amino groups, the catalytic oxidation of a few challenging amino alcohols 8 was carried out (Scheme 2). A vicinal amino alcohol containing a tertiary amino moiety was successfully oxidized into the corresponding amino ketone (4b). In addition to a secondary amino group, a primary amino moiety proved to be well tolerated in this alcohol oxidation (4c-d). 19 These results encouraged us to explore cyclic amine-containing secondary alcohols (Scheme 3). Piperidinemethanol derivatives bearing a heteroaromatic ring as well as an alkyl group at the -position adequately reacted to provide high yields (4e-g). In the synthesis of piperidones, a gram-scale oxidation process was achieved with high efficiency (4h), and relatively easily oxidized N-substituents such as benzyl, pmethoxybenzyl, and geranyl groups were applicable without problems (4i-k). Quinuclidine, morpholine, and phenothiazine frameworks did not give a significant decrease in yield (4l-n), and a 1,3-amino alcohol with a tetrahydroisoquinoline was also converted effecttively (4o). The selective oxidation of nortropine smoothly proceeded even in the presence of a secondary amino group (4p). Then, 1,2-amino alcohols containing a heterocycle such as isoindoline and morpholine were tried out to deliver notable results (4q-r). In the case of cyclic 1,2-amino alcohols, 19 an unprotected piperazyl group was found to be acceptable as well as pyrrolidine and morpholine moieties (4s-u). The double oxidation for a diamino diol 20 was also successfully conducted, leading to 98% yield (4v).
The palladium-catalyzed oxidation of primary alcohols was investigated (Scheme 4). Early in the study, ester formation was observed in the catalytic oxidation of 3-phenylpropyl alcohol (5d), while piperonyl alcohol proved to be a good substrate (6a). Therefore, the oxidative conversion of 5d was carried out in the presence of morpholine, and the expected amide product was successfully obtained through selective oxidation of the alcohol and hemiaminal (6d). Benzylic alcohols with a heteroarene or cyclic amine moiety were readily converted into the corresponding aldehydes in high yields (6b-c). The catalytic coupling of 3-pyridinepropanol with 1-methylpiperazine led to 
Oxidation of cyclic amine-containing secondary alcohols. a Pd/L2 cat. Please do not adjust margins
Please do not adjust margins a desired amide formation with sufficient efficiency (6e). A vicinal amino alcohol with a piperidyl group was also found to be suitable as well as 1-piperidinepentanol (6f-g ).
The palladium-catalyzed oxidation of amino alcohol 3h smoothly proceeded even in the presence of a radical scavenger, such as 2,6-di-tert-butyl-4-methylphenol (BHT) and 9,10-dihydroanthracene (DHA) (Scheme 5). These results suggested that a single electron transfer process might not be involved in the reaction mechanism of this catalytic oxidation method.
Subsequently, the selective oxidation of deuterium-labeled alcohol 3h-d was examined with aryl chloride 7 as an oxidant, giving amino ketone 4h and deuterated arene 8 in high yields (Scheme 6). 21 This experimental outcome revealed that the -hydrogen atom of an alcohol was transferred to an arene molecule through the CCl bond cleavage in an aryl chloride.
On the basis of these observations, a plausible reaction mechanism for this catalytic oxidation of alcohols is presented in Scheme 7. In the first step, an aryl-palladium intermediate is formed through the oxidative addition of an aryl chloride to a Pd(0) complex. After the displacement of a chloride anion is promoted by a base, an alkoxy-palladium species undergoes -hydrogen elimination to afford an aryl-palladium-hydride complex with the formation of a carbonyl product. Then, reductive elimination provides an arene, and a Pd(0) catalyst is regenerated. This reaction mechanism is consistent with findings in previous reports. 16 
Conclusions
In summary, a chemoselective anaerobic oxidation for N-heterocycle-containing alcohols was achieved with aryl chlorides as oxidants in the presence of a NHC-ligated palladium catalyst. This catalytic process proceeded with sufficient efficiency, and a variety of primary and secondary alcohols were effectively converted into carbonyl products in high yields. As well as heteroarenes, cyclic amines were well tolerated in this system, and primary, secondary, and tertiary amino groups proved to be suitable. Furthermore, a gram-scale oxidation reaction was successfully carried out in addition to a double oxidation of a vicinal amino alcohol. We believe that this oxidation method would contribute to the progress of selective transformations required in the synthesis of biologically active molecules.
Experimental
General procedure for the palladium-catalyzed chemoselective anaerobic oxidation of N-heterocycle-containing alcohols Under an argon atmosphere, a reaction tube was charged with ligand precursor L2 (8.66 mg, 0.02 mmol) , [Pd(allyl)Cl] 2 (1.83 mg, 0.005 mmol), and Cs 2 CO 3 (326 mg, 1.0 mmol). After dry toluene (2.0 mL) was added, this mixture was stirred at 80 °C for 15 min. Subsequently, a N-heterocycle-containing alcohol (1.0 mmol) and 2-chlorotoluene (152 mg, 1.2 mmol) were added at room temperature, and the reaction mixture was stirred at 90 °C for 16 h. After water was added at room temperature, the resulting mixture was extracted with AcOEt. The combined organic layers were dried over Na 2 SO 4 . Concentration and purification through silica gel column chromatography gave a desired product.
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